Although previous studies in animal models have shown that modulation of Wnt antagonists, such as Sfrp1, and intracellular downstream targets, such as β-catenin, can influence the 
C oronary heart disease leading to myocardial infarction (MI) is the major cause of death in both men and women. Each year ≈735 000 people in the United States have an MI and tissue damage, often leading to ventricular remodeling, hypertrophy, dilatation, and heart failure (HF). 1, 2 Cardiomyocytes within the infarct area die within minutes after coronary artery occlusion. 3, 4 Toxic products and alarm signals released from dying cells induce cell adhesion proteins, cytokines, and chemokines to recruit inflammatory cells, which remove cellular debris and degrade extracellular matrix. [5] [6] [7] After debris is cleared, usually within 2 to 3 days after MI, the gap is filled with granulation tissue composed of proliferating myofibroblasts that secrete extracellular matrix proteins and endothelial cells that form new capillaries. [6] [7] [8] Two to 3 weeks after the original MI, the infarcted tissue begins to mature into a dense scar. 8 Despite considerable progress to restore circulation to infarcted areas using thrombolytics and percutaneous interventions, we currently have no pharmaceutical agents to modulate endogenous cardiac repair processes with the goal of preserving left ventricular function and preventing HF.
We and others have demonstrated that canonical Wnt signaling is activated in myofibroblasts and endothelial cells during granulation tissue formation after experimental MI in mice, suggesting that the Wnt pathway plays a role in both angiogenesis and fibrosis. [9] [10] [11] [12] [13] Our results further showed that Wnt10b, a canonical Wnt ligand, is induced after MI.
wound healing process after MI, the effects of canonical Wnt ligands, such as Wnt10b, on cardiac tissue repair have not been investigated. 9, 10, 14, 15 To determine the effects of Wnt10b on the cardiac repair process, we analyzed the spatial and temporal patterns of Wnt10b activation in the heart before and after injury. We discovered that in normal human and mouse hearts, Wnt10b is expressed in cardiomyocytes and stored in the intercalated discs. After ventricular tissue injury in mice, Wnt10b expression is strongly and transiently upregulated in cardiomyocytes around the injury, peaking during granulation tissue formation. Our results show that Wnt10b gain-of-function in cardiomyocytes leads to (1) increased angiogenesis both directly by stimulation of endothelial cell proliferation and by induction of vascular endothelial growth factor receptor 2 (Vegfr-2) expression, (2) formation of coronary-like vessels surrounded by vascular smooth muscle cells (vSMCs) via induction of angiopoietin-1 (Ang-1) in vSMCs, (3) cardiomyogenesis within scar tissue, and (4) decreased numbers of myofibroblasts and infiltrating inflammatory cells. Furthermore, we show that the mechanisms underlying arteriole formation by Wnt10b depend on coordinated stimulation of the nuclear factor-κB (NF-κB) signaling pathway in endothelial cells and vSMCs. These findings suggest that Wnt10b has the potential to orchestrate and improve the natural reparative capacity of the heart.
Methods
A complete Methods section is available in the Online Data Supplement.
Results

Wnt10b Is Expressed in Cardiomyocytes and Localized in the Intercalated Discs
To identify the cell types expressing WNT10B protein in the adult human heart, we stained tissue sections from healthy heart donors with an antibody recognizing the N-terminal domain of WNT10B. Immunofluorescence analysis showed that WNT10B was localized in the intercalated discs of cardiomyocytes, colocalizing with β-catenin (CTNNB1) and Connexin 43 (GJA1; Figure 1A ). In contrast, we detected abundant cytoplasmic staining and WNT10B accumulation along the lateral borders of cardiomyocytes in ventricular tissue from ischemic cardiomyopathy patients ( Figure 1B) . Using a distinct antibody against the C-terminal protein domain of Wnt10b, 16 we found similar accumulation in the intercalated discs of the mouse heart ( Figure 1C ). Western blot analysis of protein samples prepared from freshly isolated cardiomyocytes confirmed myocyte-specific Wnt10b expression (Online Figure I ).
Wnt10b Is Induced in Cardiomyocytes at the Infarct Border During Granulation Tissue Formation
To determine the spatiotemporal pattern of Wnt10b expression in the heart after injury, we induced MI in C57BL/6 adult mice by permanent ligation of the left coronary artery and analyzed whole heart RNA samples at specific time points of the cardiac tissue repair process. Specifically, we quantified Wnt10b levels during the inflammatory response phase (day 1-3 after injury), granulation tissue formation (ie, during neovascularization and fibrosis after day 4), and in mature scar at day 21 in comparison with baseline levels. Our results showed Wnt10b RNA levels began to rise around day 3 post MI, peaking at day 7 by 6-to 8-fold, but returning to baseline levels during scar maturation ( Figure 1D ). Wnt10b peak levels followed the induction of transforming growth factor-β1 that is known to promote granulation tissue formation and fibrosis ( Figure 1D ). 17 To identify the location of Wnt10b induction in the heart after injury, we analyzed mouse cardiac tissue sections on day 2 and 7 post MI. Although little to no change in Wnt10b protein localization was detected at day 2 post MI (Online Figure  I) , we observed strong induction of Wnt10b protein specifically in the myocytes of the infarct border zone at day 7 post MI ( Figure 1E and 1F). In addition to the intercalated disc localization observed in normal hearts or in cardiomyocytes remote from the infarct, Wnt10b accumulated prominently in the cytoplasm of border zone cardiomyocytes ( Figure 1E and 1F) .
Taken together, our data show that Wnt10b protein localizes in the intercalated discs of cardiomyocytes in the normal adult heart. This pattern is disturbed in ischemic cardiomyopathy patients with cytoplasmic accumulation of WNT10B. Moreover, Wnt10b protein is strongly increased in peri-infarct cardiomyocytes during the neovascularization and fibrosis phase of cardiac repair after experimental MI.
Wnt10b Gain-of-Function Promotes Functional Recovery After Injury
To determine whether Wnt10b gain-of-function is beneficial or detrimental to cardiac repair, we genetically enhanced the natural Wnt10b expression in cardiomyocytes by generating a transgenic (TG) mouse line carrying the entire Wnt10b coding sequence under the adult cardiomyocyte-specific α-myosin heavy chain (αMHC or Myh6) gene promoter ( Figure 2A ). 18 Molecular analyses of ventricular tissue showed that αMHC-Wnt10b TG mice expressed higher levels of Wnt10b RNA and Wnt10b protein in the heart compared with wild-type (WT) controls; however, Wnt10b protein in TG was primarily localized in the intercalated discs, as in WT cardiomyocytes ( Figure 2B ; Online Figure II ). Wnt10b overexpression did not cause changes in the ventricles of TG mice at the macroscopic or ultrastructural level, but it led to enlargement of both atria (Online Figure II) with WT controls (Online Table I ). Flow cytometry of primary nonmyocyte cells isolated from adult WT and TG ventricles also showed comparable numbers of immune, endothelial, and stromal cells (Online Figure III) . Because the enlarged atria of TG mice hindered ligation of coronary vessels, we assessed the effects of Wnt10b overexpression on cardiac tissue repair using the cryoinjury model. 19, 20 Histological and molecular analyses of Wnt10b expression after cryoinjury showed induction at day 7 after injury that was confined to cardiomyocytes in the injury border zone, as observed in the MI model, suggesting that both spatial and temporal Wnt10b expression patterns are comparable in the 2 injury models (Online Figure IV) .
Cardiac functional parameters were measured by echocardiography at baseline before injury, and at 1 day, 1 week, and 3 weeks after injury ( Figure 2C-2E) . The results showed that the extent of the initial injury was similar in WT and TG mice as demonstrated by similar drops in fractional shortening 1 day after injury. However, whereas the function of WT hearts continued to deteriorate over time, left ventricular functional output of TG hearts improved 3 weeks after injury ( Figure 2C ). Functional recovery in TG mice was primarily because of preservation of systolic function, with preserved chamber size and contractility ( Figure 2D and 2E). Improved cardiac function in TG mice matched attenuated induction of prognostic markers of HF, such as matrix metalloproteinase-9 (Mmp9) [21] [22] [23] and atrial and brain natriuretic peptides (Nppa, Nppb), 22, 24, 25 when compared with WT counterparts ( Figure 2F) .
Consistent with the echocardiography data, histological analysis demonstrated that the original injury size was comparable in WT and TG mice. By 3 weeks post injury, however, TG ventricles displayed reduced scar than WT counterparts, with attenuated deposition of Collagen 1A ( Figure 2G and 2H). The injured tissue in TG ventricles instead contained numerous patches of α-actinin + myocytes with developing sarcomeric structures ( Figure 2I and 2J) . Together, our data suggest that Wnt10b has a favorable effect on cardiac repair, leading to reduced scar size, cardiomyocyte generation, improved systolic function, and reduction in the expression of HF markers.
Wnt10b Overexpression Increases Neovascularization of Scar Tissue
To test the effect of Wnt10b on cardiac tissue repair, we compared scar neovascularization and myofibroblast accumulation Figure 1 . Wnt10b is expressed in cardiomyocytes and induced in chronic and acute cardiac injury. A, Localization of WNT10B protein in the normal adult human ventricular tissue. Immunofluorescence (IF) for WNT10B (red), β-catenin (CTNNB1, top, green), and connexin-43 (GJA1, bottom, green) illustrates localization of WNT10B in the intercalated discs of cardiomyocytes. Scale bars, 20 µm. B, Aberrant accumulation of WNT10B (red) in the cytoplasm of cardiomyocytes (arrows) in ischemic cardiomyopathy (ICM) patients (right), in addition to its localization in the intercalated discs (arrowheads). Normal human heart (left) shown as control. Collagen IV (COL4AI, green) antibody staining of basal membranes outlines borders between cardiomyocytes. Scale bars, 20 µm. C, Localization of Wnt10b in cardiomyocytes of normal adult mouse ventricular tissue. IF for α-actinin (Actn2, top, green) and plakoglobin (Jup, bottom, green) shows localization of Wnt10b (red) in the intercalated discs. Scale bars, 20 µm. D, Wnt10b and Tgf-β1 mRNA expression by quantitative polymerase chain reaction analysis at sequential time points post experimental myocardial infarction (MI) in mouse hearts. Wnt10b levels peak at day 7 after MI, during granulation tissue formation. *P<0.05; **P<0.01; ***P<0.001. One-way ANOVA with Dunnett's multiple comparisons test. n≥3 for all time points. All data are mean±SEM. E, Wnt10b remains associated with cardiomyocyte junctions in distal, noninfarcted, areas of mouse ventricle 7 days post MI. F, Wnt10b expression (red) is induced and becomes pervasive in the cytoplasm of cardiomyocytes (stained in green for Actn2) in the border zone of mouse hearts 7 days post MI. Low (top) and high (bottom) magnification of cardiac tissue is shown. Left bottom panels depict boxed areas on top. Scale bars, 100 µm. BZ indicates border zone; INF, infarct tissue; and TGF-β, transforming growth factor-β. All tissue sections were counterstained with DAPI (blue) to mark cellular nuclei. between WT and TG mice after cryoinjury. Histological and flow cytometry analyses showed that ventricles of uninjured WT and TG mouse hearts contained comparable numbers of endothelial cells (Online Figure V) . After injury, immunofluorescence analysis using the CD31 antibody to mark endothelial cells showed the presence of small and sparse microcapillaries within the injured tissue of WT hearts, as previously reported. 20 In contrast, the corresponding injured tissue in TG ventricles contained more vascular beds than WT, organized in dense vascular regions or as large diameter blood vessels ( Figure 3A ). Vascular density of tissue away from the site of injury was comparable in WT and TG mice, whereas the injured tissue of TG ventricles was ≈2-fold more densely vascularized than the corresponding area in WT counterparts ( Figure 3A) . Consistent with the histology data, flow cytometry analysis of dissociated total ventricular tissues showed that TG hearts contain ≈30% more endothelial cells (CD31 We found Wnt10b overexpression had the opposite effect on the number of myofibroblasts generated after injury ( Figure 3C-3E ). Flow cytometry showed ventricles of uninjured WT and TG mice contained comparable numbers of CD31 − CD140a
+ fibroblasts (Online Figure V) . After injury, the number of total fibroblasts in WT and TG mice remained comparable. We observed a significant increase in the number of myofibroblasts in both WT and TG ventricles as expected, although TG ventricles contained approximately half the number of α-smooth muscle actin-positive, collagen-producing myofibroblasts compared withWT ( Immunofluorescence analysis with the nuclear proliferation marker Ki-67 showed that the majority of proliferating cells within the injured tissue of TG ventricles were endothelial cells ( Figure 3F ). In contrast, most Ki-67 + cells within the injured tissue in WT ventricles were nonendothelial cells ( Figure 3F ; Online Figure V ). Flow cytometry quantified that the ratio of endothelial/nonendothelial Ki-67 + cells was 2.5 higher in TG mice than in WT counterparts ( Figure 3G ). These data indicate that Wnt10b promotes proliferation of endothelial cells at the expense of nonendothelial cells, which in the case of the injured tissue are mostly myofibroblasts.
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Wnt10b Gain-of-Function in Cardiomyocytes Induces Canonical Wnt Signaling in Adjacent Endothelial Cells, Increasing Their Proliferative Capacity
Analysis of RNA from TG ventricles before injury showed that Wnt10b gain-of-function led to upregulation of canonical Wnt signaling target genes Axin2, Lef1, and Tcf7 ( Figure 4A ). [26] [27] [28] To identify the cell types with canonical Wnt activation in TG hearts, we stained cardiac tissue sections with an antibody recognizing the canonical Wnt signaling molecule β-catenin. Immunofluorescence analysis showed accumulation of β-catenin in endothelial cells, but not in cardiomyocytes, indicating Wnt10b overexpression activated canonical Wnt signaling in endothelial cells in a paracrine fashion ( Figure 4B ). Furthermore, transfection of freshly isolated cardiac endothelial cells with canonical Wnt activity luciferase reporter constructs confirmed higher canonical (ie, β-catenin mediated) Wnt signaling in cells from TG mice compared with those from WT mice ( Figure 4C ).
To test whether canonical Wnt activity promotes the proliferative capacity of endothelial cells, we purified and cultured freshly isolated endothelial cells from WT and TG ventricles (Online Figure VI) . Our data show that the endothelial cells from TG ventricles possessed higher growth potential in culture and branching morphogenesis on growth factor reduced Matrigel than endothelial cells isolated from WT ventricles ( Figure 4D-4G ). This effect was abolished when endothelial cells were treated with the small molecule canonical Wnt inhibitor IWR-1-endo, 29 but not the c-Jun N-terminal kinase inhibitor SP600125, 30 demonstrating that the high growth potential of cardiac endothelial cells isolated from TG ventricles was because of elevated canonical Wnt activity ( Figure 4H and 4I).
Wnt10b Enhances Endothelial Cell Growth Both Directly and Through Induction of Vegfr-2 Expression
To test whether the high growth potential of endothelial cells isolated from TG ventricles was a direct effect of Wnt10b on endothelial cells, we isolated cardiac microvascular endothelial cells from WT mice and exposed them to increasing concentrations of recombinant Wnt10b protein, which induced canonical Wnt activity (Online Figure VII) . Wnt10b protein directly promoted endothelial cell growth in culture, suggesting canonical Wnt activity induction and stimulation of endothelial cell proliferation was a direct effect of Wnt10b ( Figure 5A ; Online Figure VII) .
The Vegf-a/Vegfr-2 ligand/receptor axis specifically regulates endothelial cell proliferation. 31, 32 As shown in Figure 5B , Wnt10b induced Vegfr-2 in addition to the canonical Wnt gene target Axin2 in cultured endothelial cells, indicating that Wnt10b can further enhance the response of endothelial cells to Vegf-a by increasing the levels of its receptor. To test this possibility, we analyzed the effect of Vegf-a in vascular tube formation in the presence or absence of Wnt10b. We found Wnt10b and Vegf-a cooperated in stimulating endothelial tube formation in vitro ( Figure 5C ). These findings indicate that Wnt10b both directly stimulates endothelial cell growth and amplifies the proangiogenic effects of Vegf-a by induction of Vegfr-2.
Wnt10b Promotes Formation of Mature CoronaryLike Blood Vessels
In addition to greater density, the vasculature within injured tissue of TG hearts consisted of large diameter blood vessels, in contrast to small diameter capillaries present in WT hearts ( Figure 3A) . Costaining with antibodies recognizing endothelial cells and vSMCs confirmed that scar tissue in TG mice contained greater number of blood vessels surrounded by a prominent smooth muscle cell layer than that in WT mice ( Figure 6A ).
To identify the molecular basis of the observed vascular phenotype, we measured expression of Ang-1 and its receptor tyrosine kinase with immunoglobin-like and EGF-like domains 2 (Tie2), which regulates vSMCs recruitment and blood vessel stability. 33, 34 Analysis of ventricle tissue RNA of WT and TG mouse hearts showed comparable baseline Ang-1, Ang-2, and Tie2 expression levels before injury. However, there was a strong (15-fold) induction of Ang-1 expression 1 week after injury in WT ventricular tissue, which was further increased by 2-fold in TG ventricles ( Figure 6B ). In contrast, there were no major differences in the expression of Tie2 and the Ang-1 antagonist Ang-2 between WT and TG tissue ( Figure 6B ).
Histological analysis pointed to higher Ang-1 levels in α-smooth muscle actin-positive cells surrounding blood vessels within TG scar tissue compared with WT controls ( Figure 6C ).
To test whether Wnt10b-induced arteriole morphogenesis is because of activation of the Ang-1/Tie2 signaling axis, we cocultured endothelial cells and vSMCs with or without Figure 4 . Wnt10b gain-of-function activates canonical Wnt signaling and increases proliferative capacity in resident cardiac endothelial cells. A, Quantitative polymerase chain reaction analysis using ventricular RNA samples shows that the levels of canonical Wnt target genes Axin2, Lef1, and Tcf7 are increased in transgenic (TG) hearts compared with wild-type (WT) controls. n=3 to 4 mice per group. B, Immunofluorescence images of CD31 (green), β-catenin (red), and DAPI staining (blue) in cardiac tissue sections. β-catenin is present in the intercalated discs of WT and TG cardiomyocytes (arrows), but shows additional staining in endothelial cells (arrowheads) of TG mice. Scale bar, 20 µm. C, Luciferase reporter assay using the canonical Wnt reporter SuperTOPFlash in primary cardiac endothelial cells isolated from WT and TG ventricles shows that TG endothelial cells have activated canonical Wnt signaling. Results obtained in independent cell isolation experiments from 3 mice per group. D, Primary cardiac endothelial cells (ECs) were isolated from WT and TG ventricles, seeded, grown in culture for 6 days, and counted. ECs isolated from TG ventricles show higher growth than WT. Results obtained in independent cell isolation experiments from 3 mice per group. E, Images of isolated ECs from WT and TG hearts at day 5 in culture. EC cultures from TG mice are denser than those from WT controls. F, Doubling time of cardiac primary ECs isolated from TG mice is 2-fold higher than the corresponding WT controls. n=3 mice per group. G, Tube formation assay on growth factor reduced Matrigel shows cardiac ECs from TG ventricles form more tubes than WT controls. H, Cardiac ECs from TG ventricles were cultured with canonical Wnt inhibitor (IWR-1-endo, 1 µmol/L, top right) and its negative control counterpart (IWR-1-exo, 1 µmol/L, top left), as well as with JNK inhibitor II (1 µmol/L, bottom right) and its negative control counterpart (1 µmol/L, bottom left) during the entire duration of culture. Canonical Wnt inhibition blocks EC growth, but JNK inhibition has no effect. I, Quantification of ECs for each group (in G) counted at day 5 of culture. Cells isolated from WT ventricles served as baseline control. Results obtained in independent cell isolation experiments from 3 mice per group. *P<0.05; **P<0.01; NS, not significant, unpaired t test. All data are mean±SEM. Wnt10b and a Tie2 kinase-specific inhibitor. 35 We found Wnt10b-induced association of endothelial and smooth muscle cells in growth factor reduced Matrigel. Moreover, Tie2 inhibition abolished Wnt10b-induced endothelial/smooth muscle cell interactions ( Figure 6D ). Taken together, our results indicate that Wnt10b promotes vSMCs recruitment and blood vessel stability by activating the Ang-1/Tie2 pathway.
Wnt10b Orchestrates Vessel Stabilization Through Coordinate Induction of NF-κB Signaling in Endothelial and Smooth Muscle Cells
Previous studies have identified NF-κB and Notch signaling as critical pathways in arteriogenesis, collateral vessel formation, and vascular network size during development or in the adult through coordinate promotion of angiogenesis and vSMC recruitment. [36] [37] [38] We observed no significant differences in Notch signaling targets, such as Hey1 and Hey2, after injury between WT and TG mice (Online Figure VIII) . To test whether Wnt10b acts upstream of the NF-κB signaling pathway, we investigated its effect on NF-κB signaling activation. Our data show that Wnt10b treatment of endothelial cells and vSMCs, transfected with NF-κB luciferase reporter constructs, led to induction of NF-κB signaling in both cell types ( Figure 7A and 7B) . The NF-κB signaling activation effect was Wnt10b-specific because the noncanonical Wnt11 ligand, which is also strongly induced in the heart after injury, 12 had only a moderate effect. No synergistic interaction was observed between Wnt10b and tumor necrosis factor-α-induced NF-κB signaling in endothelial cells even at low tumor necrosis factor-α concentrations (Online Figure VIII) .
To test whether the effect of Wnt10b on the induction of genes regulating endothelial cell growth (Vegfr-2) and vSMC recruitment (Ang-1) genes was because of activation of NF-κB signaling, we incubated endothelial cells and vSMCs with Wnt10b in the presence or absence of the NF-κB signaling inhibitor SN50. 39 The results show that Wnt10b-mediated induction of Vegfr-2 in endothelial cells and Ang-1 in vSMCs were abolished by SN-50 ( Figure 7C and 7D) . Furthermore, Wnt10b also induced platelet-derived growth factor subunit B expression in endothelial cells in a NF-κB-dependent manner. Platelet-derived growth factor subunit B is known to act on platelet-derived growth factor receptor-β, expressed in vSMCs, to promote recruitment to newly formed blood vessels. 40 Previous studies have shown that leaky blood vessels hinder tissue recovery because they allow infiltration of immune cells resulting in unresolved inflammation, which in turn may aggravate ventricular remodeling. 6 This raised the possibility that Wnt10b-induced blood vessel stability attenuates inflammation. Consistent with this possibility, flow cytometry analysis 5 days after cryoinjury showed lower levels of inflammatory cells within ventricular tissue of TG mice compared with WT mice (Figure 7E and 7F; Online Figure IX) .
Consequently, our data indicate that Wnt10b promotes angiogenesis and blood vessel stabilization through parallel stimulation of NF-κB signaling in endothelial cells and vSMCs, a pathway that is known to regulate induction of proangiogenic and arteriogenic factors in endothelial cells (Figure 8) . 36, 37, 39, 41 The coordinated formation of stable blood vessels improves perfusion of injured tissue and prevents prolonged infiltration of inflammatory cells, creating an optimized microenvironment for cardiomyocyte growth and enhanced repair of injured cardiac tissue.
Discussion
Here, we show that canonical Wnt signaling activating Wnt10b ligand is expressed in cardiomyocytes and stored in intercalated discs. After injury, Wnt10b expression is induced in cardiomyocytes in border zone during the granulation tissue formation phase of cardiac repair, when neovascularization and fibrosis take place. Our data show that Wnt10b gain-of-function stimulates new blood vessel growth in 2 separate ways. First, Wnt10b activates canonical Wnt signaling in endothelial cells, a process that is known to promote angiogenesis after myocardial injury. 42 Second, by stimulating Vegfr-2 expression in endothelial cells, Wnt10b further enhances Vegf-a-mediated endothelial cell proliferation.
Furthermore, Wnt10b mediates stable vessel formation via induction of platelet-derived growth factor subunit B expression in endothelial cells and Ang-1 in smooth muscle cells, 2 growth factors that promote vascular stabilization, reduce permeability, and enhance blood flow. 40, 43, 44 Previous studies have established that simultaneous supply of VEGF and Ang-1 leads to superior functional neovascularization of ischemic tissues, whereas administration of VEGF alone generates leaky vessels and hemorrhages. [45] [46] [47] Although such secreted factors regulating individual aspects of blood vessel formation have been identified, knowledge of upstream regulators that coordinate the entire process was missing. To our knowledge, Wnt10b is the first morphogen that coordinates coronary-like vessel formation, pointing to new approaches to effectively revascularize poorly perfused areas of the heart. However, future studies will need to address the mechanisms leading to atrial enlargement as a potential negative effect caused by Wnt10b overexpression.
Formation of large blood vessels with robust support structures involves endothelial cell growth, branching, and recruitment of smooth muscle cells. 43 In support of our data on the role of Wnt10b in adult cardiac repair, it was recently shown that endothelial transcription factor ERG (ETS Related Gene) promotes vascular stability and growth through canonical Wnt activation during development. 48 Previous studies have also identified the NF-κB pathway, Notch signaling, RAF-1/ERK, and the adaptor protein Shc as intracellular components that coordinate arteriogenesis, collateral vessel formation, and vascular network size during development or in the adult.
36-38 Although we did not detect changes in Notch signaling in TG mouse hearts, we discovered that Wnt10b activated NF-κB signaling in both cardiac endothelial and smooth muscle cells. It is thus likely that coordinated activation of NF-κB signaling in both cell types mediating vessel growth and stability is responsible for the Wnt10b effects. In support of this notion, we found inhibition of NF-κB signaling abolished Wnt10b-induced expression of Vegfr-2 and Ang-1 in endothelial and smooth muscle cells, respectively. Links between Wnt and NF-κB signaling have also been identified in osteosarcoma cells and hair follicle formation, 49, 50 suggesting that the crosstalk between the 2 pathways has broader roles in development and disease.
The effects of Wnt10b on neovascularization of the injured tissue led to significant restoration of ventricular function after injury, as evidenced by improved systolic parameters, reduced infarct size, and attenuated expression of HF biomarkers in TG mice. This recovery phenotype mimics that of mice with sustained Ang-1 treatment, which promoted vessel size expansion and increased the diameter of arterioles, suggesting that Wnt10b acts upstream of the Ang-1/Tie2 signaling axis. 46 Wnt10b also promoted formation of cardiac tissue within scar, which may further account for the improved ventricular function. This result would be consistent with findings showing that canonical Wnt signaling activation promotes cardiomyocyte proliferation in the embryonic heart. 51 Finally, Wnt10b gainof-function led to decreased numbers of collagen-producing myofibroblasts and infiltrating proinflammatory cells, although further studies are needed to test whether this is a direct Wnt10b effect on these cell types. At present, it is not clear whether these responses reflect direct effects of Wnt10b on myofibroblast or cardiomyocyte proliferation, expansion and differentiation of cardiac progenitor cells, or regulation of cell fates during endothelial-to-mesenchymal (EndMT) or mesenchymal-to-endothelial (MEndT) transitions 7, 12, [52] [53] [54] Interestingly, Wnt pathway antagonists, such as sFRPs (secreted Frizzled-related Proteins), also have positive effects in cardiac repair because they stimulate early cell survival through Akt-1 activation. 9, 10, 14, 55 In contrast, activation of canonical Wnt signaling in myofibroblasts accelerated scar formation, benefiting recovery as shown in mice with constitutive fibroblast expression of β-catenin. 13, 56 It would be important to test whether stage-, ligand-, and cell-specific manipulation of Wnt signaling could further optimize the recovery process.
A limitation of the Wnt10b gain-of-function approach in our study is that the observed phenotypes may not only recapitulate the endogenous role of Wnt10b but also reflect the collective overexpression effects of structurally related Wnt ligands in the heart. This problem is particularly acute in the Wnt signaling pathway, which consists of 19 ligands and 10 frizzled receptors with overlapping, often redundant expression and function.
57,58 However, it is noteworthy that the observed phenotypes are distinct from those described in αMHC-Wnt11 transgenic mice, which displayed cardiomyopathy because of hypertrophic ventricular myocytes, 59 suggesting that, at least part of the results are specific to the Wnt10b ligand. Thus, the development of Wnt10b administration protocols, or compounds designed to mimic Wnt10b, will likely help orchestrate stable blood vessel formation after injury, improve cardiac tissue recovery, and potentially decrease ventricular remodeling and HF. 
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Circulation Research
• Angiogenesis and fibrosis are launched simultaneously during scar tissue formation after myocardial infarction.
• Canonical Wnt signaling is activated within the infarct zone in blood vessel-forming endothelial cells and collagen-producing myofibroblasts.
• Wnt proteins are induced after myocardial infarction, but their roles in cardiac repair processes are not known.
What New Information Does This Article Contribute?
• The canonical Wnt signaling ligand Wnt10b is stored in the intercalated discs of adult cardiomyocytes and induced in the border zone of the infarct.
• Wnt10b regulates canonical Wnt and nuclear factor-κB signaling activation in multiple cell types that take part in the injury repair process.
• Overexpression of Wnt10b in the heart promotes formation of blood vessels and cardiomyocytes, attenuates fibrosis, and preserves left ventricular function after injury.
Despite considerable progress in thrombolytics and percutaneous interventions to restore circulation after myocardial infarction, we have no means to improve the natural healing processes of the heart with the goal of preserving ventricular function and prevent heart failure. We discovered that the canonical Wnt ligand Wnt10b is highly induced in peri-infarct cardiomyocytes after injury, at the onset of scar tissue formation. To study the effects of Wnt10b on the cardiac tissue repair process, we generated a transgenic αMHC-Wnt10b mouse that overexpresses Wnt10b in cardiomyocytes. We found that αMHC-Wnt10b mice show robust formation of blood vessels and cardiomyocytes, less fibrosis, and better preserved ventricular output after acute injury when compared with wild-type mice. Wnt10b induces endothelial cell proliferation via canonical Wnt signaling activation and stimulates arteriole formation in nuclear factor-κB-dependent manner. Our findings suggest that Wnt10b has the potential to enhance cardiac tissue repair and regeneration and may lead to novel therapeutic strategies to improve ventricular function after injury.
SUPPLEMENTAL MATERIAL Detailed Methods
Transgenic mice
The αMHC-Wnt10b plasmid was generated by inserting the full-length Wnt10b cDNA into the αMHC (Myh6) gene promoter-polyA hGH cloning vector 1 (kindly provided by Dr. J. Robbins). The αMHC-Wnt10b transgenic (TG) mouse was generated by pronuclear microinjection of the construct into fertilized oocytes at the Vanderbilt Transgenic Mouse/Embryonic Stem Cell Shared Resource (TMESCSR). Two independent lines that displayed identical phenotypes in response to injury were maintained and used in this work. TG mice were raised in C57BL/6 background and wild-type littermates were used as controls. All analyses were performed using mice at 12-32 weeks of age fed with a normal chow diet. All experiments were performed in accordance with the Institutional Animal Care and Use Committee (IACUC) at Vanderbilt University Medical Center.
Cardiac injury models
Experimental MI by permanent ligation of left anterior descending (LAD) artery was performed as previously described. 2 For cryoinjury, animals were fasted for 4 to 6 hours prior to the surgical preparations. Mice were anesthetized with 50 mg/kg pentobarbital sodium via intraperitoneal injection. Following aseptic preparation, an incision on the anterolateral left ventricle wall was performed. The left anterior descending (LAD) coronary artery was explored and a round 3-mm diameter metal probe cooled to -196 o C with liquid nitrogen was applied to the left ventricle wall for 10 seconds. The cryoinjured area was macroscopically identified as a firm white disk-like region. Continuous Electrocardiograms (ECGs) were obtained during the procedure. At the conclusion of the myocardial injury procedure, the intercostal space and skin were closed and the mice were recovered on a water-circulated heating pad. 
Echocardiography
Mice were rested and calmed before echocardiography was performed. All mice were conscious and unsedated during measurements using the VEVO 2100 machine and transducer MS-400 (VisualSonics) to measure and calculate various cardiac parameters. The left ventricle was located in B-Mode and was traced over five consecutive beats in M-Mode. Left ventricular internal dimension in diastole and systole (LVIDd and LVIDs) were measured from M-Mode using the short axis. Final values were averaged from three independent measurements. The following equations were used to calculate the LV EF and FS: 
Cell culture
Primary cardiac endothelial cells were isolated using the immuno-magnetic sorting method by positive selection with the CD31 antibody. Mouse ventricles were excised and digested in DMEM with 10 mg/ml Collagenase type II, 2.4 U/ml Dispase II, 0.3 µg/ml DNAse IV, 2.5 mM CaCl2 solution and non-myocyte cells were isolated through nylon filter. Leukocytes were removed by immuno-sorting against CD45 antibody by negative selection. Cardiac endothelial cells were isolated by immuno-sorting with the CD31 antibody using MS columns -MACS separator system by positive selection (Miltenyi Biotec Inc.).
Mouse cardiac microvascular endothelial (MCEC-1) cells, generously provided by Dr. J. Mason (National Heart and Lung Institute, London, UK), were isolated from mice containing a gene encoding the thermolabile SV40 T antigen and maintained in the presence of interferon-γ at 33°C. 4 Six days prior to performing experiments, cells were re-plated and cultured in the absence of interferon-γ at 37°C, as previously described. 5 Vascular aortic smooth muscle cells (MOVAS, ATCC# CRL-2797) isolated from C57BL/6 mice were obtained from ATCC. Cells are cultured in DMEM supplemented with 10% FBS and 0.2 mg/ml G-418.
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Primary endothelial cell proliferation and tube formation assays Primary cardiac endothelial cells at passage 1 (P1) were seeded in 24-well plate at concentration 5 x 10 3 cell/cm 2 (total of 10,000 cell per well) and grown in complete Endothelial Cell (EC) medium, i.e., DMEM medium containing 10% FBS, 1X antibiotic antimycotic solution (Sigma) and supplemented with 50 µg/ml of endothelial cell growth solution (ECGS; Biomedical Technologies) and 10 units/ml heparin. Every 24 hours, cells were detached and counted. Small molecule canonical Wnt inhibitor IWR-1-endo (EMD), negative control compound IWR-1-exo (Santa Cruz), JNK inhibitor SP600125 (EMD), and JNK inhibitor II negative control compound (EMD) were administered at 1 µM concentration.
Primary cardiac endothelial cells isolated from wild-type and TG ventricles were cultured for 5 days in EC medium at 37°C, then in DMEM with 10% FBS but no growth factors for 24 hours. Primary cardiac endothelial cells were then seeded on Growth Factor Reduced (GFR) Matrigel (BD Biosciences) at 40,000 cells per well on a 96-well plate. MCEC-1 cells at P0 at 37°C were treated with 300 ng/ml rmWnt10b and/or 10 ng/ml rmVEGF (R&D Systems) for 24 hours in 10% FBS in DMEM without growth factors, then seeded on GFR Matrigel at 40,000 cells per well on a 96-well plate. Endothelial cell tubes were imaged using light microscope 6 hours after plating. Total number of branches was counted and averaged over three biological replicates per sample. 
Flow cytometry
To prepare primary non-myocyte cardiac cells, mice were first injected intraperitoneally with 50 U heparin for 10 minutes, then euthanized. Hearts were isolated and washed with 2% FBS, 10,000 U/ml heparin, 1X PBS solution. Ventricular tissue was then minced and digested with 10 mg/ml Collagenase type II, 2.4 U/ml Dispase II, 0.3 µg/ml DNAse IV, 2.5 mM CaCl2 solution for 20 minutes at 37°C. Digested tissue is filtered through 100 µm filter and again with 70 µm filter. Flow cytometry analysis were performed using BD LSR II as previously described Quantitative RT-PCR Total RNA was isolated from mouse hearts using the TRIzol Reagent (Invitrogen) and from cultured cells using the RNeasy Mini Kits (Qiagen) following the manufacturers' instructions. RNA was reversetranscribed into cDNA as previously described. 2 Quantitative PCR was performed using the iQ SYBR Green Supermix (BioRad) on an C1000 Thermal Cycler (BioRad). Expression of GAPDH and β-Actin were used as internal controls to normalize the expression of genes of interest. Primer sets were tested to have amplification efficiency of 90-110%, calculated via standard curve of log (DNA copy number) vs. relative fluorescence unit. Relative gene expression was calculated using the 2 (-DDCt) method. 8 Mouse primers used are as below:
Histological analyses
Freshly isolated hearts were thoroughly perfused with Phosphate Buffered Saline (PBS) and embedded in Tissue-Tek Optimal Cutting Temperature (OCT) compound. 5 µm cryosections were fixed in 1:1 acetone:methanol for 5 min at 4°C. Sections were blocked in 1% bovine serum albumin (BSA), 0.05% saponin in PBS for 1 hour at room temperature. Sections were incubated with primary antibodies overnight at 4°C and then with Alexa-Fluor and Cy3-conjugated secondary antibodies (Life Technologies, Jackson ImmunoResearch) and fluorescent dye DAPI (1:5,000) for 1 hour at room temperature. Slides were mounted with VECTASHIELD fluorescent mounting medium (Vector Laboratories). Images were taken on Olympus FV-1000 inverted confocal microscope and processed using the FV10-ASW 1. αSMA + /CD31 + vessels with diameter of 10 μm or greater were counted in the injury zones from immunostained horizontal sections. 4 to 6 0.4 mm 2 frames were randomly selected and analyzed per mouse (N=4 mice per group).
Protein isolation and Western blot analysis
Freshly isolated hearts were thoroughly perfused with PBS and homogenized in 3% protease inhibitor, 1% phosphatase inhibitor II, 1% phosphatase inhibitor III in NP40 lysis buffer (Sigma) using tissue homogenizer. Tissue homogenate was spun at 14,000 rpm for 10 minutes and supernatants were collected as total protein samples. Proteins were separated by SDS-PAGE gel and transferred to nitrocellulose membranes. 10 ng of total protein was loaded per well. Primary antibodies recognizing β-Actin (Sigma A1978, 1:40,000) and Wnt10b (Santa Cruz sc-25524, 1:1000) were used. Infrared secondary antibodies (LI-COR) were applied for 1 hour at room temperature at a dilution of 1:10,000. Signal was detected using the Odyssey infrared imaging system (LI-COR).
Luciferase assays
The SuperTOPFlash vector (STF; Addgene) carries the firefly luciferase gene reporter under the control of 7 tandem T-Cell factor/lymphoid enhancer factor (TCF/LEF) binding sites that respond to canonical Wnt signaling. Primary cardiac endothelial cells at P2 were seeded in 24-well plates at a concentration of 10 5 cells/well. Cells were grown for 3 days in DMEM medium supplemented with ECGS and heparin. Medium was changed to complete DMEM without growth factors and cells were incubated for additional 24 hours. Cells were then transected with 150 ng/well of STF and 1.1 ng/well of pRL-SV40 that carries the Renilla luciferase gene in order to control for transfection efficiency. 24 hours later luciferase activity was measured using the Dual-Luciferase Reporter Assay kit (Promega) on TD-20/20 luminometer.
For NF-ĸB luciferase assays, MCEC-1 and MOVAS cells were seeded in 12-well plates at concentration of 80,000 cells/well and cultured in complete medium for 12 hours. Cells were transiently transfected with 936 ng/well of pNF-ĸB-Luc (Stratagene) and 7.9 ng/well of pRL-SV40 for 24 hours using Fugene HD (Promega) following manufacturer's instructions. Cells were treated with 300 ng/ml rmWnt10b, 300 ng/ml rhWnt11, 20 ng/ml rmTNFα (R&D Systems), and/or 50 µg/ml NF-ĸB inhibitor SN-50 (Calbiochem) for 6 hours, then luciferase activity was measured as above. Firefly luciferase activity was normalized to Renilla luciferase activity and reported as fold induction over basal levels.
Human heart tissue
The human heart tissue samples were obtained from Vanderbilt Cardiology Main Heart Registry/Biorepository. The study was approved by Vanderbilt Institutional Review Board and written informed consent was obtained from all heart tissue donors or organ donor families. Explanted heart from patients with ischemic cardiomyopathy or organ donors whose heart were unmatched for transplantation were collected into the Biorepository. At the time of explantation, a section of left ventricular (LV) free wall tissue was immediately frozen in liquid nitrogen, and a small piece of LV tissue from the same section was embedded in OCT media and stored at -80ºC until used for immunofluorescence analysis.
Electron Microscopy
Mouse heart tissue was fixed in 2.5 % glutaraldehyde, 0.1 M sodium cacodylate solution for 1 hour in room temperature, then for 24 hours at 4°C. Electron micrograms were taken on Philips/FEI T-12 transmission electron microscope in the Cell Imaging Shared Resource at Vanderbilt University Medical Center.
Statistical analysis
Unpaired two-tailed t test was used to compare differences between two unpaired groups. One-way ANOVA with Bonferroni's multiple comparisons test was used to compare multiple unpaired groups. Oneway ANOVA with Dunnett's multiple comparisons test was used to compare multiple groups against a single sham or control group. * P < 0.05, ** P < 0.01, *** P < 0.001 were considered significant. Results are reported as mean ± SEM. 
